Objectives: In a diverse, multicenter population, to confirm or refute the conclusions that pupillary light reflex changes are associated with increased intracranial pressure. Design: Replication study. Patients: Within the Establishing Normative Data for Pupillometer Assessments in Neuroscience Intensive Care registry there were 273 patients (16,221 pupillary observations) that included both intracranial pressure and pupillometry values. Measurements and Main Results: To evaluate findings by the previous author, we explored for differences among measures of the pulmonary light reflex obtained from automated pupillometry with ICP values dichotomized as < 15 mm Hg (normal) versus ≥ 15 mm Hg (elevated). Analysis of t-test indicates statistically significant differences for all right and left mean pupilometer values, except right latency (p = 0.3000) and repeated measure mixed model (p = 0.0001).
In the setting of increased intracranial pressure, mean pupilometer values were lower for both left and right eyes comparing to normal intracranial pressure, except right neurologic pupil index (3.98, 3.92; p = 0.0300) and left latency (0.27, 0.25; p < 0.0001). Conclusions: Our findings confirm and extend those of McNett et al Worsening measures of the pupillary light reflex using automated pupillometry are associated with elevated intracranial pressure. Key Words: brain injuries; critical care; intracranial pressure; neurology; optic nerve; pupil E xamination of the pupillary light reflex (PLR) is essential to a comprehensive neurologic assessment. The traditional pupillary assessment performed using a penlight is being gradually replaced with automated pupilometer assessments (1) (2) (3) . Increased use of this technology has led to more research. A recent study by McNett et al (4) explored associations between measures of PLR and intracranial pressure (ICP). These results suggest that elevated ICP may be manifest in the PLR as decreased neurologic pupil index (NPi) and constriction velocity (CV), without significant change in pupil size. Having developed a registry (5) of automated pupillometer data that includes over 3,000 subjects, this study aimed to replicate the study by McNett et al (4) with a larger sample set that includes subject data from three different institutions.
BACKGROUND
Examination of the functional status of the optic nerve (cranial nerve [CN]-II) and oculomotor nerve (CN-III) can be performed through the PLR assessment. Impaired PLR is related to conditions that may cause increased risk of central brain herniation or horizontal shift of the intracranial tissues (6) . Assessment of the PLR in patients with neurologic conditions has been performed using a penlight (1) (2) (3) . With this method, specific terminology is employed to describe the PLR and that includes brisk, sluggish, or nonreactive (7) . However, these terms are subjective as they lack the standard clinical definition and this leads to poor validity and reliability of the neurologic assessment (8) (9) (10) (11) . In addition, visual assessment of the practitioners can be affected by ambient light conditions, which impact the inter-examiner agreement. This is related to several factors like examiner's visual acuity, flashlight stimulus, distance from patient's eyes, and the lighting conditions of the examination room (12) .
Automated pupillometry is a noninvasive tool to monitor the neurologic condition of ICU patients. This method provides reliable and objective measures of pupil constriction and dilation velocities, pupil size, and latency (13, 14) . Such measures can be obtained using the NeurOptics NPi-200 (Irvine, CA), a pupilometer implemented to objectively assess the PLR (14, 15) . A proprietary algorithm is used to compute an index called "NPi" (16) . The NPi values range from 0 to 5, where NPi value equal to or above 3 is considered normal (17) . An abnormal NPi can be associated with direct damage to the CN-III or indirect damage of the brain (18) (19) (20) .
Increased ICP has been associated to several neurologic conditions like herniation with increased risk of irreversible brain damage and eventually death (21) (22) (23) . Therefore, depending on the reason of increased pressure, treatment should be initiated to lower ICP at pressures above 15-20 mm Hg (22) . Furthermore, increased ICP is associated with abnormal pupilometer readings for patients with various neurologic or neurosurgical conditions (24) (25) (26) . For patients with limited or no serial neurologic examination to follow, ICP monitoring is essential in order to direct therapy for some brain-injured patients (27) . According to the American Brain Trauma Foundation, it is suggested to monitor ICP in cases of traumatic brain injury (TBI) where Glasgow Coma Scale (GCS) score less than 9 and abnormal CT scan exist (28) .
Several studies found a correlation between pupilometer readings and ICP (1, 4, 17, 29) . In 2003, Taylor et al (26) first explored the relationship of PLR and ICP in a cohort of 26 patients with TBI; concluding that mass effect with ICP values greater than 20 mm Hg was associated with slower CV. More recently, Chen et al (17) found that patients with abnormal NPi values (< 3.0) had higher peak ICP readings than those with normal NPi values. McNett et al (4) examined the association between ICP and pupillometry which indicated that increased ICP values result in decreased pupilometer values for NPi and CV, but not for pupil size (4) . The study by McNett et al (4) was a single-center study with a total of 76 participants and more than 2,100 ICP and serial pupilometer readings. The work by McNett et al (4) is the most recent to examine serial NPi and ICP readings, and additional research with a larger cohort is warranted. This is a modified replication study of that from McNett et al (4) , which investigated if increased ICP affects pupilometer readings on a larger multicenter sample set. The hypothesis of this analysis mirrors the findings of McNett et al (4) , such that, it is expected that there will be an inverse relationship between ICP values and NPi, but that pupil size will not be impacted by ICP values.
METHODS
The analysis for this study was carried out using data pooled from the Establishing Normative Data for Pupillometer Assessments in Neuroscience Intensive Care (END-PANIC, NCT02804438) Registry.
Partial funding for this registry is provided by NeurOptics, the company that produces the pupillometer used in the study. The registry includes three hospital locations in Texas, Ohio, and California. The design of END-PANIC was described previously (5) . Succinctly, END-PANIC is a multicenter prospective registry of pupillometer readings that collects data from patients who are admitted to the neurocritical care unit because of particular neurologic conditions like intracerebral hemorrhage, spinal injury, acute ischemic stroke (AIS), increased ICP, subarachnoid hemorrhage, TBI, and other neurologic conditions.
The data collection centers use pupillometry and ICP management as part of standard of care. All ICP values were obtained from external ventricular drain (EVD) catheters. Hospital practice is to observe the ICP for 5 minutes with the EVD clamped prior to documenting a value. Pupillometry readings can be collected as much as once an hour to every 4 hours, which mirrors the standard of care for the neurologic examination. The highest and average ICP value is recorded daily in the registry data.
This study was carried out following the Institutional Review Board approval. The END-PANIC is ongoing registry that currently has data on over 3,000 subjects. However, only subjects with registered ICP values were included in the study (n = 273). From these, there were 16,221 observations (mean daily values) included in the analysis. Demographic data were collected, which included age, race, sex, and primary diagnosis. Daily prospective data were collected from the patients which included hospital and ICU length of stay (LOS) and GCS.
The study analysis was performed using SAS v9.4 (SAS Institute, Cary, NC) and followed the study analysis by McNett et al (4) for replication purposes. For descriptive statistics, frequencies and percentages for categorical variables (primary diagnosis, race, sex, and ICP) and mean, median, and sd were used for continuous variables. Primary diagnosis was categorized into hemorrhagic stroke, brain tumor, TBI, AIS, spinal injury, and other. Race was categorized as Caucasian, African American, and other. As in the study by McNett et al (4) , ICP was dichotomized as normal or elevated; normal included ICP less than 15 mm Hg and elevated was defined as ICP greater than or equal to 15 mm Hg. Brain injury was categorized as severe (GCS, 3-8), moderate (GCS, [9] [10] [11] [12] , or mild (GCS, [13] [14] [15] (30, 31) . Pupillometry readings (NPi, CV, dilation velocity [DV], pupil size, and latency) were obtained for both right and left eyes. Examination of differences among several variables based on ICP values (< 15 mm Hg vs ≥ 15 mm Hg) was done by running several student t tests. Additional analyses were run using mixed model to correct for the repeated nature of the data.
RESULTS
Descriptive data were obtained from 273 subjects with 16,221 paired ICP and pupillometer observations. The mean age was 53 years (sd = 16.76). Of those subjects, 142 (52.01%) were female, 209 (76.56%) were Caucasian, 29 (10.62%) African American, and 24 (8.79%) other; 11 (4.03%) subjects did not report race. Primary diagnosis included hemorrhagic stroke (n = 167; 61.17%), brain tumor (n = 35; 12.82%), TBI (n = 14; 5.13%), AIS (n = 7; 2.56%), spinal injury (n = 3; 1.1%), and other (n = 41; 15.02%), and 6 did not report primary diagnosis.
Data were first examined using only one observation per subject ( Table 1) , and only the first paired observation of pupillometer and ICP data was used. Subjects with ICP less than 15 mm Hg (n = 239) versus those with ICP greater than or equal to 15 mm Hg (n = 34) were similar in age (mean age, 53.59 vs 52.62 yr; p = 0.7500), ICU LOS (mean = 14.29 vs 11.59 d; p = 0.1200), but had significantly lower hospital LOS (mean = 18.52 vs 13.38 d; p = 0.0200), and lower mean GCS (mean = 10.85 vs 8.44; p = 0.0030). The overall mean GCS for both group is 10.55 (sd = 4.66) with a median of 13.00. The difference between mean and the median with most of the GCS scores within 5 sds is an indication that the patients are likely severe or not severe. That is, there are fewer patients in the moderate group. A further subgroup analysis reveals that about 50% of the patients have less severe brain injury, about 14% have mild brain injury and about 36% have severe brain injury. Furthermore, about 30% of the patients with less severe brain injury had a GCS score of 15.
Data were next explored including all paired observations of ICP and pupillometry readings. Student t tests were used to compare PLR values when the ICP was documented as less than 15 versus documented as greater than or equal to 15 mm Hg. As shown in Table 2 , in the right eye, an ICP less than 15 mm Hg was associated with statistically significantly lower NPi (p = 0.03), faster CV (p < 0.0001), faster pupil dilation, measured as DV (p < 0.0001), and larger pupil size (p < 0.0001). Similarly, in the left eye, ICP less than 15 mm Hg was associated with statistically significantly higher NPi (p < 0.0001), faster CV (p < 0.0001), faster DV (p < 0.0001), and larger pupil size (p < 0.0001). There was no statistically significant difference in right eye latency (0.30), but a statistically significant difference in left eye latency (p < 0.0001). Furthermore, results from the mixed model showed significant difference between the thresholded IPC based on all parameters considered ( Table 3) .
DISCUSSION
The results from our analysis confirm and extend the findings published by McNett et al (4) . The main finding in our study was that pupillometer values are different in the setting of normal and increased ICP. Such findings are useful in pupillary examinations because it will help practitioners to have a better understanding of the examination trends at the ICU. Patients with increased ICP tend to have lower values for pupillometer readings. Slower right and left CV were associated with increased ICP (p < 0.0001). This is similar to the results reported by McNett et al (4) , but only for left CV, as there was no significant difference in right CV (p = 0.1200). However, we also reported changes in DV with increased ICP and found that elevated ICP leads to slower DV for right and left eyes as well (p < 0.0001).
In our study, there was a statistically significant difference both in right and left mean NPi among normal and increased ICP groups. With increased ICP, we had a drop in left NPi values. However, a little higher right mean NPi was associated with increased ICP (increased ICP = 3.98; normal ICP = 3.92; p = 0.0300). This was different from the study by McNett et al (4) , as they reported no difference in right mean NPi (increased ICP = 4.2; normal ICP = 4.2; p = 0.4100) although their time series analysis indicated variations within the first 72 hours in paired pupillometer readings for NPi and CV, but not for pupil size. However, our data set included observations that were obtained every 4 hours without a timeline for data collection. Furthermore, we obtained information on latency. Increased ICP was associated with increased latency for left eyes (p < 0.0001). This is consistent with the study of Soeken et al (32) as they reported an increase in latency magnitude with intracranial hypertension group. However, that was not the case in our study for right latency as the difference was not statistically significant among normal and increased ICP groups (p = 0.30). Our findings were consistent with a recent study done by Freeman et al (29) , which examined the association between NPi and ICP (29) . The researchers analyzed a total of 951 ICP readings with 67% of patients had ICP of 20 cm H 2 O or higher throughout the monitoring process. With increased ICP, patients had a drop in the NPi, CV, DV, and pupil size comparing the other group (normal ICP [<15 mm Hg]; p < 0.001). However, the study showed mild to moderate correlations between pupillary readings and ICP before ICP spikes, that some patients have a positive association, whereas others had negative relationship or no association between NPi and ICP. Patients with ICP monitoring may require sedation to help reduce secondary brain injury (33) . Although the effect of various sedatives on (4), nor our analysis examined the PLR finding in relation to the lesion location (e.g., global, infratentorial, ipsilateral), nor is the size/volume of the lesion accounted for. These data were not available in our sample but could provide insight in future prospective studies. Another limitation is the relatively small proportion of subjects with lower GCS values. It is unknown if the same or similar results would be noted in a large cohort of subjects with severe acquired brain injury.
CONCLUSIONS
These findings contribute to the increasing body of literature supporting automated evaluation of the PLR is associated with changes in intracranial dynamics in general and increased ICP in specific. Automated pupillometer is a reliable and objective method used to examine the pupillary changes associated with patients based on their ICP values. Patients with higher ICP demonstrated pupillometer values consistent with lower PLR, such as lower NPi, slower CV, and slower DV. Assessment of pupillometer data is noninvasive method that provides perceptions into the ICP trends to monitor patients with neurologic conditions. The adoption of automated pupillometry must be based on the benefits of objective PLR assessment against equipment costs. Given these findings, it seems reasonable to include measures of PLR when testing for increased ICP. 
